We report high-precision analyses of internally-normalised Ni isotope ratios in 12 bulk iron meteorites. 
Introduction 1
The Solar System is comprised of material from a range of chemically and isotopically distinct stel-
INTRODUCTION
identify their constituent components and be used explore how they mixed in the early Solar System. formation suggest that, while the Ni is mantle derived, these ores may segregate as a result of interaction 81 between the host magma and the continental crust (Dowling and Hill, 1998) 
Nomenclature

90
There is a lack of systematic nomenclature able to describe and distinguish the increasing variety of 91 isotope ratio data currently being published. The literature contains confusing use of the same notation for 92 different purposes and different notations used for the same purpose. In the case of elements such as Ni,
93
which have more than four stable isotopes, there is more than one choice of normalising pair. Bizzarro introduced E 60 Ni* to denote 60 Ni anomalies inferred to derive from excesses or deficits from 60 Fe. Since 101 the calculation of E 60 Ni* is the same as E 60 Ni in other work, the addition of the * is a point of interpretation 102 only.
103
We adopt a more transparent nomenclature which includes the normalising ratio as a subscript, e.g. 
where i Ni is 60 Ni, 62 Ni or 64 Ni, spl is the sample, std is the standard and both ratios on the right hand 106 side are internally normalised to 58 Ni/ 61 Ni. Unless otherwise stated, the denominator of the normalising 107 isotope ratio is the denominator of the normalised ratios, i.e. 61 Ni in this case.
108
Mass-dependent ratios are presented using the standard δ notation without the subscript: 
For both mass-dependent and mass-independent data it must be noted to which standard the differ- and ultra-sonication, until all the DMG had broken down. This reaction is characterised by a change from 152 a white fluffy residue to a small black or brown spot and, once it has finished, a translucent green spot.
153
The first column was performed twice in order to achieve complete separation of Cr, Ca and Mg from
154
Ni. Separations of these elements is important for chondritic meteorites and for consistency all samples,
155
including the iron meteorites in this study, were treated identically. uses the same columns in a slightly different order.
210
To remove the major Fe component, the PtYG was passed through a larger version of column four 211 (section 2.3.5) with a 1 mL resin bed. The loading and eluent volumes were scaled up directly and the of a sample or a standard.
257
As described above (section 1), the Ni mass spectrum suffers from molecular interferences generated 258 from the plasma gas. It was suggested by Chen et al. (2009) that such molecular interferences (though 259 they did not specify which) present a serious analytical concern. However, we analysed the samples 260 using a mass resolution of M/∆M ≥ 6000, where ∆M is the peak edge width measured from 5 % to 95 high precision determinations and these averages are plotted in Fig. 1(a-c) . 64 Ni is evident 9 mAMU beyond the reference mass in Fig. 1(c) .
290
The location of the measurement position was chosen to be as close as possible to the peak edge 291 to ensure resolution of any (scattered) interferences, while being stable enough to not slip off the peak 292 edge. As the study progressed, additional data allowed us to define the topography of the peak edge 293 more precisely and lead us to move the measurement position to slightly higher mass (+2 mAMU). This affect the results. Our measurement position is on the hydride influenced portion of the peak because Tlacotepec which is thought to have been perturbed by spallation, see below 4.5).
323
The separation of Zn from Ni is difficult to maintain because Zn is a ubiquitous contaminant in 324 reagents and the environment. In addition, 64 Zn is the most abundant Zn isotope (48.6 % of total Zn) and which were determined on aliquots both spiked before and after chemistry yield mass-dependent results . All data reported were measured on the same dissolutions. Some of the δ 60/58 Ni data are from Cameron et al. (2009) and some are original to this study. The lack of correlation is strong evidence that, within the levels of precision, the mass-independent variability is not a consequence of inaccurate correction of mass fractionation.
Double-spiked, mass-dependent Ni isotope variations in iron meteorite samples from this study and (Fig. 4) such a simplification will become increasingly apparent as analytical precision improves due to technical 447 and instrumental advances. Therefore, small differences in mass-independent ratios from a variety of 448 terrestrial materials may be unavoidable.
449
If natural mass-dependent fractionation is inadequately corrected, the most fractionated samples
450
should have the most extreme mass-independent isotopic ratios. Indeed, mass-dependent isotope ratios 451 in the terrestrial materials are broadly correlated with their mass-independent ratios (Fig. 4) as might be 452 anticipated from the discussion above. Moreover, Fig. 4 of the meteorites and show only a subtle difference in mass-independent ratios (as discussed above).
456
Thus, imperfect correction of natural mass-dependent fractionation cannot account for the variability of 457 mass-independent Ni isotope ratios seen in the iron meteorites.
458
The mantle is the major repository of Ni in the silicate Earth and therefore the peridotites probably 459 best represent the isotopic composition of the BSE. For the purposes of this study we define the mass- 
474
The effects on mass-independent isotope measurements of prior Ni isotopic fractionation during the 475 Mond process can be quantified. An anomaly produced in the internally normalised isotope ratio k/i by 476 inappropriately corrected fractionation by the Mond processes will be given by the expression,
where isotope j and i are the normalising isotopes, m c is the mass of (CO) 4 , and m i , m j and m k are the
478
Ni isotopic masses. anomalies as seen in the pentlandite PtYG. Thus the small mass-independent variability in terrestrial 486 samples should not be unexpected.
487
The small but significant mass-independent variations in terrestrial materials, purified standards in 488 particular, show that for inter-laboratory consistency at the highest precision a single, homogeneous ref-
489
erence material or standard must be used. This is currently not the case, as the studies of Quitté et al. Figure 6 shows the deviations from sample mean, as described above, plotted in E (n = 4), respectively. within error as those estimated from the data set as a whole (Fig. 6 ). This suggests that the reproducibility 'lost' time between cycles, on average a high ratio of the two measured beams resulting from a sudden 562 signal change near the end of one cycle will be accompanied by a low ratio in the next, i.e. this tracking 563 noise is not random and will cancel out in the mean ratio reported for an analysis. reproducible Ni isotope data using MC-ICP-MS and argued that this might be due to unspecified inter-569 ferences. Our high precision peak flat determinations reported in Fig. 1 , however, demonstrate there are 570 no discernible molecular interferences that contribute to the ratios at greater than 0.1 level. Only the
571
NiH interferences are not resolved, and these should be readily corrected by the external normalisation to 572 bracketing Ni standards, see section 2.4.1. Since these peak flat measurements were made on standards, 573 however, we should also investigate the systematics of our data on the iron meteorites for any potential 574 role of sample-related interferences. A significant observation in this regard is the good agreement be-575 tween samples measured by our new analytical procedure and those previously reported in Regelous et al.
576
(2008) (see Fig. 9 and section 4.6). As detailed earlier (section 2.4.1), we currently resolve interferences given the absence of observed interferences in masses other than 62. In this study, however, we adopted 580 a more cautious protocol and resolved potential molecular interferences on all masses. Hence we suggest 581 that molecular interferences are not a major control on the Ni isotopic variability in these iron meteorites.
582
We can also explore more generally the effects of hypothetical interferences on Ni isotope ratios. plex as they propagate into all isotopic ratios as a result of internal normalisation and are illustrated in interference. Therefore, the possibility of spike contamination is unlikely for the reasons cited above.
596
Superficially of more concern is that the meteorite data lie on a line with slope 3 in Fig. 8(b be required (Fig. 8) . However, Fe/Ni ratios of all sample were measured, and corrected by peak strip- Thus, we feel we have extensively addressed the possibility of interferences affecting our data and 613 find no significant influence. of mass-independent fractionation controlled by the nuclear field shift effect (Bigeleisen, 1996) have longer cosmic ray exposure ages than the chondrites so we need to consider the possible perturba-629 tions due to spallation reactions. We have investigated this with numerical modeling of spallation effects.
630
Galactic cosmic ray (GCR) induced spallation effects on meteoroids were modelled using the MCNPX 2008) and this study. They show that our more precise data are entirely consistent with data from the previous study, but with the higher precision we achieve, we are able to define clear correlations.
precision achievable for Ni isotopes by MC-PTIMS, due to the difficulties in obtaining sufficiently intense 704 ion beams, is a more limiting analytical problem. are not likely to contain significant amounts of Ni thus are unlikely to be the carrier responsible for Ni
